Abstract-For future remote sensing applications the potential of the millimeter wavelength range for precipitation observations from geostationary orbits is investigated. Therefore, a database consisting of hydrometeor profiles from various mid-latitude precipitation cases over Europe and corresponding simulated brightness temperatures at 18 microwave frequencies was built using the cloud resolving model Méso-NH and the radiative transfer model MicroWave MODel. The information content of the database was investigated by applying simple statistical methods, as well as developing first-order retrieval approaches. The results show that, particularly for snow and graupel, the total column content can be retrieved accurately with relative errors smaller than 25% in dominantly stratiform precipitation cases over land and ocean surfaces. The performance for rain-water path is similar to the one for graupel and snow in light precipitation cases. For the cases with higher precipitation amounts, the relative errors for rain-water path are larger particularly over land. The same behavior can be seen in the surface rain rate retrieval with the difference that the relative errors are doubled in comparison to the rain-water path. Algorithms with reduced number of frequencies show that window channels at higher frequencies are important for the surface rain rate retrieval because these are sensitive to the scattering in the ice phase related to the rain below. For the frozen hydrometeor retrieval, good results can be achieved by retrieval algorithms based only on frequencies at 150 GHz and above which are suitable for geostationary applications due to their reduced demands concerning the antenna size.
Traditional precipitation observation systems such as rain gauges measure precipitation at single points, mostly as accumulated daily sums with an unsatisfactory coverage particularly over ocean. In well-developed countries ground-based radar networks provide precipitation observations with a temporal resolution of about 5 min over large areas with high spatial resolution. Relating the measured reflectivities of the radar sampling volume to the surface rain rate can lead to substantial errors of the order of a factor of 2 [1] , particularly at distances larger than 100 km. Due to the different error factors involved in the measurement process, a homogeneous quality radar precipitation composite will not be available in the near future, even for Europe.
With satellite-based observations in the lower microwave regions promising results were accomplished over ocean from polar orbiters (see [2] and [3] ). Their algorithms for retrieving precipitation rates use frequencies below 40 GHz and are based on the brightness temperature increase through emission by the precipitation layer over the radiatively cold ocean. An algorithm applicable over ocean surfaces, including the emission signal and the information contained in the signal influenced by scattering by frozen hydrometeors above the precipitating layer, was developed by Bauer and Schlüssel [4] . By using window channels, the surface rain rate and also the hydrometeor profiles were retrieved (see [5] or [6] ). Over land, the emissionbased approach is not useful, since land surface emissivity is too large and heterogeneous within the radiometer footprint. Therefore, to reduce the sensitivity to surface emissivity, higher frequencies are applied. In the millimeter wavelength region, information can be gained by examining the signal originating in the precipitating layer and modulated by scattering by large frozen hydrometeors above. Since the formation of precipitation in the mid-latitudes mostly follows the cold rain process in the solid form as snow and graupel which melts to rain at lower altitudes, there is a relation between the microwave signal originating in the upper atmospheric ice layer and the surface rain rate. This indirect approach was implemented for the 85.5-GHz window channel in various algorithms (see [7] [8] [9] [10] [11] [12] ).
The potential of millimeter (30-300 GHz) and submillimeter-wave (300+ GHz) channels for passive spaceborne remote sensing of the troposphere and lower stratosphere has been numerically investigated by Gasiewski [13] . He found that high-frequency window channels (340 or 410 GHz) show a potential for observing clouds with very low liquid water contents and that these high frequencies can map thick clouds and precipitation with lower brightness temperature variations than lower window channels.
The scattering properties of cirrus clouds at higher submillimeter-wave frequencies up to 880 GHz has been investigated by Evans et al. [14] . By considering the brightness temperature depression in dependence of different size distributions, particle shapes and atmospheric profiles they found that above 500 GHz an adequate potential of sensing cirrus cloud properties exists and that the modeled brightness temperature depression is proportional to the ice water path.
Instead of using window frequencies, the use of sounding channels has been proposed by various authors. Methods dealing with sounding channels are based on the differential absorption at channels with similar weighting functions along absorption features. Either channels along the two oxygen complexes near 60 and 118 GHz ( [15] [16] [17] ) are used or a combination of the 60-GHz oxygen complex and the 183-GHz water-vapor line [18] . These methods use the fact that the impact on brightness temperature through scattering by hydrometeors increases with frequency. This scattering signal can be extracted from the total extinction since the temperature and water-vapor dependent gaseous absorption at several sounding channels is known. Due to attenuation by oxygen or water vapor, the principal advantage of observations in the opaque bands is the almost complete elimination of the surface effects. A disadvantage of these methods is their dependence on the knowledge of the temperature profile, and the vertical distribution of the water vapor.
The development of retrieval algorithms for rain rates or hydrometeor properties requires a set of brightness temperatures with concurrent quantities. The approach of coupling cloud resolving and radiative transfer models is thereby a method used frequently to generate such data sets (for example [19] [20] [21] ).
A method based on a variational framework using a priori information on the cloud, atmosphere and surface states from the European Center for Medium-Range Weather Forecasts (ECMWF) short-range forecasts is proposed by Bauer et al. [22] . In this paper, which was carried out to estimate the retrieval accuracy for the European contribution for the Global Precipitation Mission (EGPM) [21] , window and temperature sounding channels for precipitation and hydrometeor profile retrieval were investigated. Therefore, four selected cases in the mid-to-high-latitudes over North America with weak-tomoderate precipitation intensities with significant snow amount were selected. They showed that using sounding channels for the retrieval is more stable, more accurate and less biased than using window channels. This is particularly true for snow, cloud water and hydrometeor retrievals, in general over land surfaces.
Precipitation observations over large areas with high temporal resolution should in principle be possible by geostationary satellite observations. Because current technology limits the satellite antenna to about 3 m, the low microwave frequencies currently used on polar orbiters for precipitation observation would lead to large and unacceptable footprints (> 50 km). In order to achieve a sufficient horizontal resolution for future hydrological and meteorological applications higher microwave frequencies could be used. For example, the horizontal resolution achievable with receivers on a satellite in a geostationary orbit at a frequency of 183 GHz is 24 km, at 380 GHz is 12 km, and at 425 GHz is 10 km.
As preparation for such future satellite missions the potential for precipitation retrieval from observations in the millimeter and submillimeter wavelength region from geostationary orbits is investigated. Therefore, realistic simulations with a cloud resolving model combined with radiative transfer calculations for relevant frequencies are performed. To our knowledge such investigations were not carried out for the European midlatitudes so far. Other studies concentrating on the mid-to high-latitudes used models with coarser resolution and less detailed cloud microphysics, for example Bauer et al. [22] used a horizontal resolution of 40 km and 60 vertical levels. Hence, the created database consisting of hydrometeor profiles, together with simulated brightness temperatures for the midlatitudes is unique.
Based on this database, we investigate the potential that higher millimeter waves provide for hydrometeor observations in the mid-latitudes. In Section II, the simulation framework is presented, consisting of the mesoscale cloud model Méso-NH and the radiative transfer model MicroWave MODel (MWMOD), used to generate the database of hydrometeor profiles and corresponding brightness temperatures for the frequency selection. An overview of the five simulated midlatitude cases is given in Section III followed by an analysis of the simulated brightness temperatures (Section IV). The performance of simple retrieval algorithms, together with investigations concerning frequency combinations, reduction of the frequency number and tests of whether the database contains enough variability are demonstrated in Section V. A summary and some conclusions are given in the final Section VI of this paper.
II. SIMULATION FRAMEWORK

A. Cloud Model
The model used to simulate the atmospheric state for the setup of the mid-latitude database of hydrometeor profiles and corresponding brightness temperatures at different microwave frequencies is the nonhydrostatic mesoscale model Méso-NH, jointly developed by Météo-France and the Centre National de la Recherche Scientifique. A detailed description of the model is given in Lafore et al. [23] . The quality of the cloud scheme used in Méso-NH was assessed by using spaceborne sensors at various wavelengths in many investigations [24] [25] [26] [27] [28] [29] [30] showing that neither strong nor systematic deficiencies in the microphysical scheme on the prediction of the precipitating hydrometeor contents are present.
For the simulations used in this paper the mesoscale model was initialized and fed at the boundaries with 6-h analyses from the ECMWF model. To match with the footprint size of geostationary satellites at 425 GHz, the horizontal resolution of the simulations was set to 10 km. With this horizontal resolution and for typical observation angles of approximately 50
• in the mid-latitudes for a geostationary orbit, only the atmospheric column above the observed grid point contributes to the simulated signal and therefore no slant path correction is necessary.
The vertical resolution was set to 50 layers between the surface and the model top at 20 km. The mixed-phase microphysical scheme of Méso-NH was developed by Pinty and Jabouille [31] and is based on the approach of Lin et al. [32] . It predicts the evolution of the mixing ratio of five hydrometeor categories, cloud droplets, rain drops, pristine ice crystals, snowflakes, and graupel.
Each broad particle category is characterized by intrinsic aerodynamic properties and encompasses the great variety of hydrometeors found in natural clouds. The temporal and spatial evolution of the microphysical fields results from many microphysical processes (aggregation, riming, vapor deposition, evaporation, fallout, etc.) which mostly depend on the particle size. More details such as the assumptions on the drop size distributions can be found in Meirold-Mautner et al. [27] and Wiedner et al. [28] .
B. Radiative Transfer Model
The radiative transfer model MWMOD [33] solves the vector radiative transfer equation for the first two Stokes components. For this purpose, the successive order of scattering method in a plane-parallel 1-D atmosphere is applied. A set of propagation directions (nine angles per hemisphere used as nodes for the Gaussian quadrature) is used for the directional discretization of the radiation field. Absorption by atmospheric gases is calculated according to Liebe et al. [34] . A comparison with the gas absorption model by Pardo et al. [35] has been performed, indicating significant differences up to 3 K only in cloud free conditions (compare Section II-C). The single scattering properties of hydrometeors are computed with the extended boundary condition method T-matrix code from Mishchenko et al. [36] . Although this method can handle nonspherical particles that have an additional symmetry to their plane of rotation, we only considered spheres in this paper, not only because of computational costs, but rather because the shape distribution of ice crystals and graupel is rather uncertain and additional errors could be induced.
As the lower boundary condition the radiative transfer code requires the surface emissivity. For continental surfaces, emissivity maps calculated from satellite observations up to 90 GHz by Prigent et al. [37] serve as input to MWMOD. Since the variability of the surface emissivity at frequencies higher than 90 GHz is negligible, the one at 90 GHz is used for higher frequencies as well. Over the ocean the FAST EMissivity model (FASTEM) by English and Hewison [38] was included to calculate the emissivity depending on the 10-m wind speed and the sea surface temperature. Although, the model provides the simulated brightness temperatures for all nine Gaussian angles for up and downward looking geometry, in the following only the simulations of the total intensity for a downward observation angle of 51.8
• were evaluated in this paper, being appropriate for a geostationary satellite observing Europe.
C. Coupling of the Models
When interfacing the mesoscale model output with the radiative transfer model, the hydrometeor properties (size and shape distribution, phase, densities, and dielectric properties) need to be carefully matched to avoid any inconsistencies of microphysical parameterizations. Therefore, the direct output of Méso-NH, e.g., the bulk specific hydrometeor content of one grid cell needs to be distributed to the different drop diameters using the same assumptions as used in the microphysical parameterizations of Méso-NH. A critical point here is the discretization of the particle diameter. Using too few size bins can lead to inaccuracies particularly for strong variations of the Mie-Parameter, defined as χ = πD/λ, where D is the particle diameter and λ the wavelength of interest. In contrast, using too many bins increases the computation time heavily. Sensitivity studies showed that for frequencies most sensitive to changes in number of size bins, the brightness temperature changes for an increase from 4 to 10 are not larger than 1 K. A further increase of the number of size bins has no significant effect on the accuracy of the brightness temperature calculations. On the other hand, for this increase in number of size bins and a relatively small gain of accuracy, the computation time doubles. Hence, like in Wiedner et al. [28] , four different diameters, i.e., 1/4, 3/4, 1.5, and 3 times the modal diameter, are used for the discretization of the snow, graupel and rain distributions with a diameter dependent mass and density. Since cloud droplets and ice cloud particles are small compared to the wavelength of interest, monodisperse distributions are considered with fixed densities of 1 and 0.92 g · cm −3 , respectively. The settings for the mass and the density are consistent with those in the microphysical scheme of Méso-NH.
For the calculation of the scattering properties of the five hydrometeor types in the model, appropriate dielectric properties need to be considered. The liquid particles like rain and clouds are therefore described by the relation given by Manabe et al. [39] . For ice the refractive index is taken from Warren [40] . Skofronick-Jackson et al. [41] describe the Maxwell-Garnett mixing formula that is used for the calculation of the refractive index for snow and graupel. A sensitivity study investigating the impact of different descriptions of the dielectric properties is given in Meirold-Mautner et al. [27] .
Note that the T b results achieved with MWMOD are similar to those obtained using Méso-NH in combination with the radiative transfer models described by Meirold-Mautner et al. [27] and Wiedner et al. [28] . The maximum 3 K difference is attributed to the different gas absorption models used in each radiative transfer calculation. In the latter one, the gas absorption is according to Pardo et al. [35] , whereas the gas absorption model after Liebe et al. [34] is used in MWMOD. For a more detailed description of the difference between different gas absorption models, see Melsheimer et al. [42] . Because the differences in cloudy scenes are negligible, the uncertainty of the gas absorption model is not considered to be relevant for this paper.
D. Frequency Selection
The question of whether window frequencies or frequencies in the various absorption bands are best suited for precipitation retrieval is still under discussion. In window channels, the information comes from the scattering by the hydrometeors and provides only integrated quantities. The use of absorption channels provides the possibility of vertically resolving the atmospheric hydrometeor profile to some extent. By applying the method of differential absorption between frequencies in the oxygen line complex between 50-60 GHz and the line at 118 GHz [22] , promising results for precipitation retrieval were obtained.
In this paper, the selection of the frequency bands is based on the ones that are currently investigated for possible use in future satellite missions, on those relevant to the European contribution to the EGPM and in heritage of successful satellite missions like the advanced microwave sounding unit (AMSU).
The 18 selected frequencies in the oxygen absorption complex between 50-60 and 118 GHz, and the selected window channels in the range between 89 and 428.76 GHz are compiled in Table I . Above 200 GHz, only three window frequencies are included as sounding channels since these high frequencies are not likely to be flown on satellites in the near future.
III. SIMULATED CASES
To cover different precipitation situations for the midlatitudes in different seasons, a set of five different cases was selected. In order to take into account the microphysical changes occurring in the lifetime of precipitation events, two different time steps were chosen for each event. Table II (2000) are included. The areal distribution of the precipitation and the extent of the simulation area are described in terms of maps of surface rain rates in Fig. 1 . That this set of simulated cases covers a reasonable number of heterogeneous precipitation types can be seen in Table II .
Since the surface rain rates are the product of a number of complex processes, the relation between the rain rate and the hydrometeors aloft, which determine the microwave signal, is not a straightforward one. The mean vertical profiles of the hydrometeors for the Hoek van Holland case (Fig. 2) show that the liquid layers are confined in the lower 2 km of the atmosphere with the frozen particles on top. This makes clear that the precipitation is produced by the cold rain process in the solid form as snow and graupel which melts at lower altitudes to rain. The explicit inclusion of the melting effect in modeled brightness temperatures as proposed by Bauer et al. [43] , is not necessary in our investigations. They showed that for frequencies above 37 GHz only minor changes in modeled brightness temperatures are to be expected, which furthermore are obscured by the hydrometeors above. A similar separation of the different phases is present in the other events, with shifted height of the boundary between liquid and frozen parts, depending on the vertical temperature profiles. The separation of the different phases raises the hope that the microwave signal, which will be mainly determined by the upper atmospheric ice particles, will have an accurate relation to the surface rain rate. This hope is encouraged by the fact that there are correlations up to 0.7, depending on case and time step, between integrated frozen hydrometeor content (snow, graupel, and ice) and surface rain rate [44] .
A more detailed description of the simulated cases and the setup of Méso-NH for the single model runs can be found in Chaboureau et al. [26] .
IV. ANALYSIS OF SIMULATED BRIGHTNESS TEMPERATURES
The brightness temperature maps shown in Fig. 3 give an impression which atmospheric properties might be retrieved. The highest frequencies of the two oxygen absorption bands (55.5 and 118 GHz) are highly opaque and only provide information on the upper tropospheric temperature. With decreasing frequency the radiation stems from lower altitudes. Consequently, the lowest channels (50.3 and 110.65 GHz) are already located in window regions and show the surface contribution with strong contrast due to strong differences in the emissivity between land ( ≈ 0.9) and ocean ( ≈ 0.5). With increasing frequency, emission and scattering by hydrometeors evolve differently. The increase of extinction due to small particles, like cloud droplets, is approximately twice as strong at frequencies in the 118-GHz oxygen complex than at the corresponding (meaning similar clear air weighting function) frequencies in the 60-GHz complex [16] . For this reason, these channels, which are usually used for temperature sounding, were proposed by Bauer and Mugnai [15] for remote sensing of precipitation.
At higher frequency channels, e.g., the 176.31 GHz (wing of H 2 O-line) and above, the atmospheric absorption is already so strong, that land/ocean differences disappear (see Fig. 3 ) and the brightness temperature structures are closely related to the water-vapor field (not shown). Due to high scattering by frozen hydrometeors, the ice cloud band over western Germany can be detected well by strongly reduced brightness temperatures.
Skofronick-Jackson et al. [45] showed that there is a high surface contribution to the brightness temperature for AMSU-B window channels at 89 and 150 GHz. This can be half of the observed signal at 89 GHz for profiles with low frozen hydrometeor contents over land. This effect decreases with increasing hydrometeor contents. This strong contribution of the land surfaces to the brightness temperature can be seen in the brightness temperature maps (Fig. 3) , that expose a strong difference of land and ocean pixels at window frequencies and the channels at the outer wing of absorption lines. Therefore, the correlations of all channels to the integrated hydrometeor content for all, ocean and land pixels are shown in Fig. 4 . A separation into land and ocean pixels reveals that for frequencies of 176.31 GHz and above, no strong differences between land and ocean are obvious, but that for lower frequencies different mechanisms lead to different correlations. In the most transparent channels, e.g., 50.3 and 89 GHz, the correlation over ocean is positive for all hydrometeor types, showing the emission effect over the radiatively cold sea (emissivity ≈ 0.5).
Over land with its emissivity of about 0.9, low-level water clouds are still radiatively warmer than the surface, leading to a positive correlation, while frozen hydrometeors, even at low frequencies, already give a negative correlation through the scattering effect. One should be careful in the interpretation of low correlation values (< 0.2) at opaque channels (54.5-55.5 GHz, 117.25-118.0 GHz), because the T b -variation is very small (< 2 K) and depends mainly on the upper atmospheric pressure distribution, i.e., tropopause height. The correlation between the surface rain rate and the brightness temperatures is only slightly lower than the one to the rain-water path. The correlation between the integrated rain water and the surface rain rate (see Crewell et al. [44] ) has values of at least 0.68 in all simulated cases, and sometimes up to 0.9. Medium strongly case dependent correlations in the range from 0.3 to 0.7 exist as well between the integrated frozen hydrometeor contents and the surface rain rate. Such a correlation indicates that the surface rain rate can be retrieved through observations at frequencies sensitive to scattering by frozen hydrometeors. This sensitivity can be seen in Fig. 4 , where the correlations between brightness temperature and frozen hydrometeors has high negative values up to −0.7 for snow and ice clouds and −0.5 for graupel. As a rule of thumb, the correlation of brightness temperature with surface rain rate or rain-water path is about half of that to snow or ice.
It can clearly be seen from Fig. 4 , that the combination of land and ocean pixels reduces the correlation, as different physical processes are mixed. Therefore, it seems sensible to also separate the different regimes, when retrieval algorithms are developed, as the surface flag (land/ocean) is well known.
V. RETRIEVAL PERFORMANCE AND FREQUENCY COMBINATIONS
For each case and for the different surfaces, multiple regression algorithms of the form
For the hydrometeors and the surface rain rate retrieval were developed to evaluate the information content of the particular channel set. Hereby is q the retrieved quantity, a, b i , and c i coefficients of the regression, and T B i the simulated brightness temperatures at n tb frequencies, as mean between horizontal and vertical polarization. By including quadratic terms nonlinearities were taken into account. In the retrieval development, only hydrometeor contents greater than a threshold value of 0.1 kg · m −2 were considered. The performance in term of relative errors δx, defined as
The sample standard deviation divided by the mean of the inspected quantity. Hereby is x j the value of the retrieved quantity at pixel j, y j the output of the cloud model for the quantity and pixel,ȳ the mean and n the number of all pixels containing the concerned quantity. The results for the relative errors are compiled in Fig. 5 . It clearly shows that the performance for ocean and land pixels is different from case to case. Furthermore, it shows that the combination of ocean and land pixels gives worse results particularly in cases with good retrieval potential, e.g., the Hoek case. This emphasizes the importance of separating land and ocean pixels and developing separate algorithms for both conditions. Also, the combination of different cases and time steps leads in general to a reduced performance. For instance, in the HOE1, case the rain-water path for ocean pixels can be retrieved with a relative error of 6.8%, but can increase up to 34.3% for the ELB1 case. The combination of both surface types and all cases leads to a relative error of 65%. Generally, the graupel water path can be Fig. 1 . Overview of the different precipitation cases in terms of surface rain rates (in millimeters per hour) and the respective domains considered in this paper. In the U.K. and Algiers cases, the surface rain rates are shown with a cut off above 20 mm/h for presentation reasons. For statistics of the events see Table II. retrieved with low relative errors of less than 25% for almost all cases and conditions, as long as separate cases are considered. This is surprising since the very high graupel contents in the Algiers flood case (see Table II ) caused high errors in the retrieval, when experimenting with linear regression algorithms.
The snow water path is better detected over land for the more stratiform cases (Hoek, Rhine, and United Kingdom Millenium storm). For the strong convective ALG2 case, the results for the ocean pixels are better. The low relative errors for the frozen hydrometeor types indicate the potential to sense more information about microphysics than just the surface rain rate as an end product. Nevertheless, the good retrieval results on the basis of the simulated database indicate a high potential for retrievals. Results for satellite measurements are likely to have greater relative errors than shown here since there are many more unknowns in the retrieval development, such as particle shape, subscale variability, observation errors, etc.
To test the robustness of the retrieval results on perturbations of the brightness temperatures at all frequencies, common to realistic measurements, random noise with increasing maximum amplitudes up to 2 K was added to the brightness temperature data set. An investigation of the development of the relative errors while increasing the noise showed, that the increment does not exceed two percentage points, which indicates a high robustness with respect to such disturbances.
Since for a geostationary orbit only frequencies higher than 150 GHz result in spatial resolutions sufficient for numerical weather forecast models and hydrological applications for realistic antenna sizes of 3 m (i.e., 24 km at 183 GHz, 12 km at 380 GHz, and 425 GHz at 10 km), retrieval algorithms based on the brightness temperatures simulated at frequencies of 150 GHz and above were developed. By comparing the relative errors of the retrievals based on all frequencies (Fig. 6) to the one based only on the higher ones, the loss in retrieval accuracy by excluding the information contained in the lower frequencies can be clearly seen. As expected, the integrated contents of the frozen hydrometeor types can be retrieved with only a small loss of accuracy, by only using the high frequencies. An exception herein are the very high graupel water paths produced in the strong convective Algiers flood case. For the rain-water path, the consideration of the lower frequencies is important. Omitting the lower frequencies can result in worst cases to a doubling of the relative errors.
Algorithms were also derived for a reduced number of frequencies without considering the provided spatial resolution from geostationary orbits, with the aim to investigate whether window frequencies or absorption channels have a higher potential for precipitation retrieval. The procedure started with finding the frequency channel with the highest correlation and then successively adding further channels, which reduced the relative error most strongly. It needs to be noted, that sometimes the differences in performance between certain channels are very small. Therefore, it is possible that one frequency gives the strongest increase in correlation but another leads to a stronger reduction of the rms.
Depending on whether one considers rain-water path or the surface rain rate, land or ocean pixels, different frequencies provide the most valuable information. The results for a retrieval based on the five most important frequencies in comparison to the one based on all frequencies is shown in Table III . Over the cold ocean the rain-water path is directly related to the emission at frequencies along the wing of the oxygen line. The lowest frequency (e.g., 110.65 GHz) can be considered as a window channel. At this frequency, the emission signal is not disturbed by the ice particle scattering as this plays a minor role at these frequencies (see Fig. 4 ). Therefore, for the rain-water path retrieval lower frequencies in the wings of the oxygen complex provide the most information, with additional information content in the lower window channels (i.e., 89 and 110.65 GHz). For the land surfaces higher frequencies are favored as additional frequencies, since they are less influenced by the surface emissivity. When the surface rain rate is considered instead of just water column, the higher window frequencies (340 and 150 GHz) become more important, because they are more strongly related to the ice phase and the whole precipitation process. Over land the 150-GHz channel proves to be most valuable, as well for the surface rain rate, but also channels > 300 GHz appear. Furthermore, the inclusion of channels along the 118-GHz oxygen absorption line is very beneficial, as they also provide information on the temperature and thus, vertical position of the hydrometeors.
For the development of statistical retrieval algorithms, the database serving as a basis for the development needs to encompass the same diversity and variability as the measurements the retrieval algorithms should be applied to. The necessity of a large variability can be clearly seen in Fig. 7 , where the data sets were separated into a large training part (four of five cases; both times steps) and a small test part (one case; both time steps). In the next step, retrieval algorithms for land, ocean, and all pixels together were developed with the training data set. Based on the derived coefficients, the retrieval was applied to the test case. This procedure was performed for every simulated case (Fig. 7) . For all hydrometeor types in the Algiers flood case, the integrated amounts cannot be retrieved by any means. Their relative errors reach values in the thousands percentages even though, the self-test for the training data sets are not worse than in the other cases. This is caused by the high number of hydrometeors occurring in the Algiers flood case. This variability, with values up to 24 and 2.5 kg · m −2 for the maximum graupel and snow water paths, is not included in the training set, when the Algiers case is excluded. It is furthermore a good example for the failure of the database if it is not encompassing. The same holds for the graupel and snow water paths over land in the Elbe case. Apart from these outliers and based on this simulated database, the frozen hydrometeor amounts of the various cases can be retrieved quite well by algorithms based on a subset of the database. For the rainwater path retrievals, the self-tests of the training data sets result in relative errors around 50%, which is similar to the one for all cases in Fig. 5 . The algorithms applied to the test data sets produce worse results and cause a doubling of the relative errors in some cases. The retrieval of the surface rain rate has already large relative errors in the development stage, but does not show a remarkable increase from the development to the test stage.
VI. SUMMARY AND CONCLUSION
Current forecast models contain hydrometeor contents as prognostic parameter, but no current technology can provide observations for their verification. Because many microphysical processes are highly parameterized, millimeter wave satellite observations could provide important information to better constrain those parameters. Through the coupling of Méso-NH and the radiative transfer model MWMOD, a tool was created to simulate satellite observations for the millimeter and submillimeter wavelength region. That this model framework results in reasonable simulations was thoroughly analyzed in comparison with infrared and AMSU observations in Fig. 7 . Shown are tests of the representativeness of the database for rain-water path, graupel water path, snow water path and surface rain rate. Dev1, Dev2, Dev3, Dev4, and Dev5 are the training data sets for the retrieval development built by excluding the case shown to the right of it. The resulting coefficients are applied to retrieve the amounts of the actual quantities of the excluded case. Their performance is the shown in terms of relative errors. For the Algiers flood case, the relative errors are truncated.
Meirold-Mautner et al. [27] . The five simulated mid-latitude precipitation events, described in Section III, resulted in approximately 250 000 atmospheric profiles for the forward modeling to achieve brightness temperatures at 18 frequencies for a set of nine zenith angles. The hydrometeor profiles, together with the corresponding brightness temperatures, assemble a unique database for the mid-latitudes, with ample information content for the estimation of the potential of precipitation observations in the millimeter-and submillimeter-wave region. The first conclusion to be drawn from analyzing the database is indeed the potential of millimeter and submillimeter wavelengths to sense atmospheric hydrometeors. In particular for graupel and snow high correlations (> 0.9) and good retrieval accuracies (< 40%) are achieved, even with simple multiple regression algorithms. For these hydrometeor types, even with algorithms based only on frequencies larger than 150 GHz, good retrieval results can be achieved, except in the case of strong convective activity. The performance for the rain-water path and surface rain rate is lower: For convective situations (for example the Algiers case), relative errors in surface rain rate can exceed 100%, while some for stratiform cases (for example the Hoek case) much better results (50%) are achieved. It should be noted that these are idealized studies not taking into account a number of potential error sources, such as particle shape, subscale variability, and observation errors. They do not reflect realistic satellite retrievals. Nevertheless the results have to be considered in comparison to alternative observation measurements, e.g., ground-based weather radar, with widespread use of polarimetric radar being the only other method to obtain information about the various precipitating hydrometeors (snow, graupel, rain).
The surface emissivity plays a role for frequencies lower than 176 GHz and therefore, separate algorithms for land and ocean areas should be developed. Tests of the adaptability have shown that the development database needs to encompass the whole spectrum of the hydrometeor contents and needs to have a large variability to result in acceptable retrieval results. While the database seems to include a broad repertoire of frontal situations, it should be expanded to include more convective cases since these seem to be underrepresented. A general extension of the database would be preferable since the quality of statistical algorithms is strongly dependent on the scope of the underlying database. The good results achieved for specific cases suggest that for the final retrieval approach it might be worthwhile to first classify the situation to isolate different regimes. A retrieval for the specific regimes could be developed adapted to the conditions in that regime. Such a classification acts like a prelinearization and therefore reduces the number of the possible solutions of the inversion problem. For example a discrimination between stratiform/convective situations or liquid/solid precipitation could be performed prior to any quantitative precipitation retrieval, using the set of available brightness temperatures. The algorithm developed for specific conditions does not have to account for variability observed under other conditions and as a consequence is more constrained.
The retrieval potential for the different hydrometeor types achieved under the constraints of the simulated database indicates that microwave satellite observations could play an important role in evaluating the performance of numerical weather prediction models in the future. For example, graupel and snow are prognostic model parameters, and essential parameters in the cloud schemes determining in the end forecast precipitation rate at the ground. To date no wide-area observations of such parameters are available for further improvement of the cloud schemes.
